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In many cases, high-resolution nuclear magnetic resonance (NMR) spectra are virtually impossible to obtain by con-
ventional nuclear magnetic resonance methods because of inhomogeneity of magnetic field and inherent heterogeneity
of sample. Although conventional intramolecular zero-quantum coherence (ZQC) can be used to obtain high-resolution
spectrum in inhomogeneous field, the acquisition takes rather long time. In this paper, a spatially encoded intramolecular
ZQC technique is proposed to fast acquire high-resolution NMR spectrum in inhomogeneous field. For the first time, the
gradient-driven decoding technique is employed to selectively acquire intramolecular ZQC signals. Theoretical analyses
and experimental observations demonstrate that high-resolution NMR spectral information can be retrieved within several
scans even when the field inhomogeneity is severe enough to erase most spectral information. This work provides a new
way to enhance the acquisition efficiency of high-resolution intramolecular ZQC spectroscopy in inhomogeneous fields.
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1. Introduction
High-resolution NMR is an important tool for molecu-
lar structure analysis. It delivers detailed molecular level in-
formation that shows subtle differences in the environment
of various nuclei. In some cases, however, high-resolution
NMR spectra are virtually impossible to obtain by conven-
tional NMR methods because of the external field inhomo-
geneity or the internal heterogeneity of sample. Therefore,
there is a great deal of interest in exploring high-resolution
NMR techniques in inhomogeneous fields.
Many methods have been proposed to retrieve chemi-
cal shift information in inhomogeneous B0 field. For exam-
ple, one can compensate for the inhomogeneous B0 field by
a matched radio-frequency (RF) field.[1] One of the earliest
and still most widely used methods is a spin echo that can
refocus the phase accumulated by inhomogeneous B0 field,
demonstrate J-couplings, but completely eliminate chemical
shift information.[2] A Fourier synthesis algorithm has been
proposed to design phase-compensating RF pulses and pulsed-
field gradients to obtain high-resolution spectra in spatially
dependent inhomogeneous fields.[3] Many methods based on
intermolecular multiple-quantum coherences (iMQCs), which
have special properties,[4,5] have also been designed to ac-
quire high-resolution NMR spectra in inhomogeneous and
unstable fields.[6,7] A high-resolution two-dimensional (2D)
J-resolved spectroscopic technique in inhomogeneous fields
with two scans was proposed in 2011 based on intermolecular
zero-quantum coherence (iZQC).[8] It is well known that the
evolution of ZQC is insensitive to magnetic field inhomogene-
ity. Several high-resolution methods have been designed based
on ZQC. Recently, high-resolution 1H NMR spectra from rat
brain in vivo under small field inhomogeneity was obtained
via ZQC.[9,10] However, the long acquisition time is an ob-
stacle since a high-resolution one-dimensional (1D) spectrum
needs 2D acquisition.
Reducing the 2D NMR acquisition time is an important
research topic in the NMR community. Many methods have
been designed to obtain 2D NMR spectra as quickly as possi-
ble. For example, according to the optimization of the delays
and pulse flip angles, Schanda and Brutscher[11] proposed a
heteronuclear multiple quantum coherence (HMQC) sequence
(SOFAST-HMQC) to acquire a 2D spectrum of protein sample
in a few seconds. Linear prediction (LP)[12] and projection re-
construction (PR)[13] can use a small number of t1 increments
to construct the whole 2D FID signals. Some unconventional
sampling schemes, such as radial sampling, concentric ring
sampling, and sparse sampling have also been proposed.[14–18]
In addition, the filter diagonalization method (FDM)[19] and
Hadamard spectroscopy[20–22] can effectively reduce the du-
ration of indirect dimension. Recently, Frydman et al.[23,24]
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proposed an ultrafast 2D NMR technique to enable the ac-
quisition of a 2D NMR spectrum within a single scan. In
this so-called “ultrafast 2D NMR” technique, the usual t1 en-
coding is replaced by a spatial encoding, which is decoded
during the detection period by an echo planar imaging (EPI)
detection scheme. The ultrafast method has been success-
fully used in many NMR applications, including COSY,[25–27]
TOCSY,[23,28–30] J-resolved spectroscopy,[31,32] HSQC,[23,28]
HMQC,[33] HMBC,[34,35] and DOSY.[33]
In this study, we present an approach for high-resolution
NMR spectra in inhomogeneous fields via an intramolecular
ZQC technique and a spatially encoded technique. A high-
resolution NMR spectrum can be acquired in a few seconds,
despite a large range of magnetic field inhomogeneity.
2. Theoretical formalism
The pulse sequence is shown in Fig. 1(b). Instead of us-
ing the conventional preparation module 90◦–T E–180◦–T E–
90◦, we use the module 90◦–T E–180◦–T E–45◦ because it can
eliminate all of the resonances from uncoupled spin systems
(T E ≈ 1/4J in this study).[9] The conventional preparation
module brings all uncoupled spin-systems to the longitudinal
axis, where they cannot be differentiated from ZQCs. In fact,
the uncoupled spin systems will be located in the (0, ω2) mid-
line. Note that the utilization of 45◦ RF pulse flip angle leads
to 50% signal loss.[9,10] The symmetric gradient GA is used
to erase the frequency deviation, chemical shift, and magnetic
field inhomogeneity. The gradient GS in Fig. 1(b) is used to
select the desired coherence transfer pathway, and GE and GD
are the encoding and decoding gradients, respectively. The
WURST adiabatic pulse has a duration of τad. The gradient
GP prior to acquisition is adjusted to set the middle of chem-
ical shift range to be in the middle of detection period τD. A
significant part of the longitudinal magnetization and all of the
longitudinal relaxation (T1)-recovered magnetizations present
during the spatially encoded period are removed through the
magnetic field crusher gradients GB and GC.
Without loss of generality, we consider a sample consist-
ing of an AX spin-1/2 system, where A and X represent I
and S spins with internal frequency shifts ΩI and ΩS, and a
scalar coupling constant J, respectively. The effective sample
length is L (the z coordinate ranges from −L/2 to L/2). All
of the RF pulses are applied along the x direction, except for
the π/4 pulse in the y direction. Ignoring the effects of re-
laxation, diffusion, radiation damping, and crusher gradients,
we will see how the spins evolve under the pulse sequence in
Fig. 1(b). The reduced density operator σeq for the two pro-
tons in each molecule in the initial thermal equilibrium state
within the high-temperature approximation can be given by
σeq = Iz +Sz, (1)
where the Boltzmann factor has been omitted for clarity. Iz
and Sz represent the longitudinal components of I and S spins,
respectively. Only I is considered in the following deduction


































Fig. 1. Pulse sequences for high-resolution NMR spectra in arbitrar-
ily inhomogeneous fields. (a) Conventional pulse sequence for high-
resolution NMR spectra through intramolecular ZQC; (b) pulse se-
quence for fast high-resolution NMR spectra through intramolecular
ZQC.
The first non-selective 90◦ RF pulse excites the longitu-
dinal magnetization into the transverse plane. After the spin
echo module of T E–180◦–T E, the frequency deviation, chem-
ical shift, and magnetic field inhomogeneity are refocused.
Just before the π/4 RF pulse, the spin system can be described
















Due to the pathway transfer selective gradient GS, only
ZQC signals can finally be observed. Additionally, IzSz is
omitted because it cannot be detected during detection period.








Only I+S− is considered in the following deduction be-
cause I−S+ is similar to I+S−. Due to the existence of the
field gradients ±GE, the π chirp pulses sequentially excite the
sample layer by layer along the z axis. During the first spatially
encoded block (comprising a linearly swept adiabatic refocus-
ing pulse in the presence of a gradient GE), I+S− is subjected
to spatial encoding. At the end of this block, the reduced den-
sity operator can be given as
σ4 = I−S+ [cos(πJτad)+2iSz sin(πJτad)]
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where Octr is the center of frequency bandwidth excited by
the 180◦ adiabatic chirp RF pulse, and the sweep rate R =
∆ωad/τad, given by the ratio between the sweep width ∆ωad
and the duration τad of the adiabatic pulse, ∆B is the distribu-
tion of magnetic field inhomogeneity, γ is the gyromagnetic
ratio of proton. After the second spatially encoded block, the
reduced density operator is updated to









The last 90◦ RF pulse completes the transfer of ZQC to


































The echo planner spectroscopic imaging (EPSI) like de-
tection module is utilized to repetitiously read out the reso-
nances determined echoes. For convenience of analysis, a run-
ning variable n is defined to denote the order of different lobes
of alternating gradients. In the (2n− 1) lobe of gradient, the






− S− e i(ΩS+γ∆B)[(2n−2)τD+tD]
}


















cos2 (2πJτad) . (8)
Since the sample length along the z orientation is much
larger than the length along the x or y direction, the field inho-
mogeneity along the z direction generally constitutes the major
part of the total inhomogeneity. Furthermore, if the field inho-
mogeneity is linear, namely
γ∆B≈ γG∆Bz, (9)
where G∆B is the intensity of the field gradient originating
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× cos2 (2πJτad) , (10)
where tD denotes the time running from the beginning of each
positive lobe of the alternating decoding gradients.
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e iΩI [(2n−2)τD+tD]− e iΩS[(2n−2)τD+tD]
}























cos2 (2πJτad) , (11)
where M0 is the equilibrium magnetization per unit volume of
I or S spin.



















The signals in the resulting 2D spectrum will then be lo-
cated at (ΩS−ΩI , ΩI) and (ΩS−ΩI , ΩS). Similarly, the sig-
nals evolving from S spin will be located at (ΩI−ΩS, ΩI) and
(ΩI −ΩS, ΩS) in the resulting 2D spectrum. This shows that
the resonances in the indirect (F1) dimension appear at posi-
tions that are determined by the frequency difference between
the coupled spins while the resonances in the direct (F2) di-
mension appear at their respective Larmor frequencies.
With the running variable tD, a series of echoes corre-
sponding to chemical shift intervals can be detected. The ex-
treme chemical shift intervals within the observable frequency
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[(2n−2)τD + τD] = 0.
(13)
The spectral width in the F1 dimension can be taken as
the frequency range of the series of echoes, namely




For the same chemical shift interval of ∆Ω , the moment










It can be inferred from Eq. (15) that te varies with the run-
ning variable n, suggesting that the series of ∆Ω -determined
echoes experiences a shift of ∆te = 2G∆BτD/(GD +G∆B) be-
tween every adjacent odd or even lobe of the gradients. Since
the echoes shift with the running variable n, the spectral width
needed to cover all resonances ascends.
The indirect dimension is directly related to frequency, in-
dicating that Fourier transformation (FT) is no longer required
to obtain frequency information, and the resolution in F1 di-








where ∆t is the first positive zero-passing point of the sinc
function in Eq. (11).
3. Materials and methods
All of the experiments were performed at 298 K using
a Varian NMR System 500 MHz spectrometer (Varian, Palo
Alto, CA, USA), equipped with a 1.6-cm indirect detection
probe with 3D gradient coils. In the conventional ZQC experi-
ment, the phases for the first π/2 and the π/4 pulses (Fig. 1(a))
and the receiver were cycled as (x, x, −x, −x), (y, −y, y, −y),
and (x, −x, x, −x), respectively. The fast ZQC pulse sequence
in Fig. 1(b) was used with an eight-step phase cycling scheme:
the phases for the first π/2 and the π/4 pulses and the receiver
were (x, x, −x, −x, x, x, −x, −x), (y, −y, y, −y, y, −y, y,
−y), and (x, −x, x, −x, x, −x, x, −x), respectively. The gra-
dient strengths GB and GC took the opposite values in the first
four steps and the next four steps to remove the significant part
of the longitudinal magnetization and all of the T1-recovered
magnetizations present during the spatially encoded time, re-
spectively.
Two samples were used to test the capability of


















a molar ratio of 2:1. For comparison, conventional ZQC
spectra were also acquired using the pulse sequence shown
in Fig. 1(a). The inhomogeneous field was created by de-
shimming the Z1 coil or the X1 coil. In the conventional ZQC
experiments, the same parameter settings were used in homo-
geneous and inhomogeneous fields. The pulse relaxation de-
lay was 2 s, and 256 t1 increments were acquired. For the first
sample, the duration of π/2 RF pulse was 9.75 µs, with an RF
power of 58 dB. The spectral widths of F1 and F2 dimensions
were 5000 Hz and 4000 Hz, respectively. T E = 35.71 ms.
For the second sample, the duration of π/2 RF pulse was
9.9 µs, with an RF power of 58 dB. The spectral widths of
F1 and F2 dimensions were 2500 Hz and 3000 Hz, respec-
tively. T E = 34.22 ms. The other parameters for both sam-
ples were as follows: GA = 2.93 Gs/cm (1 Gs = 10−4 T), and
GS = 13.67 Gs/cm. The total acquisition time for a 2D spec-
trum was about 56 min.
In the fast ZQC experiments, the pulse relaxation de-
lay was 5 s. T E = 35.71 ms for the first sample, and
T E = 34.22 ms for the second sample. The WURST adi-
abatic pulse with 200-kHz sweep range was applied within
30 ms unless otherwise specified. In homogeneous field, GA =
0 Gs/cm, and ND = 200. For the first sample, the other ex-
perimental parameters were set as follows: GS = 9.77 Gs/cm,
GB = 37.5 Gs/cm, GC = 0 Gs/cm, GP = −19.53 Gs/cm,
tP = 0.15 ms, GE = 23.44 Gs/cm, and GD = 39.06 Gs/cm.
np1 = 900, where np1 is the acquisition number during τD.
For the second sample, the other experimental parameters
were set as follows: GS = −1.37 Gs/cm, GB = 5.86 Gs/cm,
GC = 0 Gs/cm, GP = −9.77 Gs/cm, tP = 0.20 ms, GE =
39.06 Gs/cm, GD = 39.06 Gs/cm, and np1 = 700. In the in-
homogeneous field created by de-shimming the Z1 coil (the
line-width was 2000 Hz for the first sample and 1500 Hz for
the second sample), GA =−9.77 Gs/cm, GS =−27.34 Gs/cm,
GP =−19.53 Gs/cm, GD = 39.06 Gs/cm, and ND = 200. The
other parameters were set as follows: GB = 13.67 Gs/cm,
GC = −3.91 Gs/cm, tP = 0.20 ms, GE = 23.44 Gs/cm, and
np1 = 700 for the first sample; and, GB = 0 Gs/cm, GC =
−5.86 Gs/cm, tP = 0.10 ms, GE = 35.16 Gs/cm, and np1 =
900 for the second sample. In the inhomogeneous field with a
line-width of 1000 Hz created by de-shimming the X1 coil (the
line-width was 1000 Hz for the first sample and 300 Hz for the
second sample), GA = GC = 0 Gs/cm, GD = 39.06 Gs/cm,
and ND = 130. The other parameters were set as follows:
GB = 0 Gs/cm, GS = 29.30 Gs/cm, GP = −9.77 Gs/cm,
tP = 0.30 ms, GE = 23.44 Gs/cm, and np1 = 500 for the first
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sample. The sweep range of the adiabatic pulse was 160 kHz
within 20 ms. For the second sample, GS = −13.67 Gs/cm,
GB = 5.86 Gs/cm, GP = −19.53 Gs/cm, tP = 0.10 ms, GE =
39.06 Gs/cm, and np1 = 700. The total acquisition time for a
2D spectrum was about 44 s.
To obtain a frequency-domain spectrum, the acquired
time-domain data points were separated into two independent
data sets related to +GD and−GD periods, respectively. Here,
only the data acquired in +GD were considered. All the data
were processed with the aid of our custom-written program in
MATLAB 2010.
4. Results and discussion
The experimental results for the sample of ethyl 3-
bromopropionate are shown in Fig. 2. While the resonances
in the direct (F2) dimension of ZQC spectrum appear at their
respective Larmor frequency sites, the resonances in the indi-
rect (F1) dimension appear at the positions determined by the
frequency difference between the spins involved in the zero-
quantum transition (J-coupled spins). The average line-width
of the conventional 1D high-resolution 1H NMR spectrum is
3 Hz (Fig. 2(a)). In an homogeneous field, the average line-
width of the peaks measured from the F1 projection spectrum
is approximately 5 Hz (Fig. 2(b)) and 20 Hz (Fig. 2(c)). This
indicates that our method cannot reach the resolution of con-
ventional 1H spectrum in homogeneous field. In the inhomo-
geneous fields (Figs. 2(d) and 2(g)), the average line-widths
of the peaks measured from the F1 projection spectrum is
approximately 45 Hz (Fig. 2(e)), 15 Hz (Fig. 2(h)), 23 Hz
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Fig. 2. 1D and 2D ZQC 1H NMR spectra of ethyl 3-bromopropionate and their projection along the F1 dimension. (a), (d), (g): Conventional 1D spectrum
acquired in a well-shimmed magnetic field (a), an inhomogeneous field with a line-width of 2000 Hz by de-shimming the Z1 coil (d), and an inhomogeneous
field with a line-width of 1000 Hz by de-shimming the X1 coil (g); (b), (e), (h): 2D ZQC spectra acquired using the pulse sequence shown in Fig. 1(a) in
the same fields as for panels (a), (d), and (g), and their projections along the F1 dimension respectively; (c), (f), (i): 2D ZQC spectra acquired using the
pulse sequence shown in Fig. 1(b) in the same fields as for panels (a), (d), and (g), and their projections along the F1 dimension respectively. 2D spectra are
presented in magnitude mode.
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by tracking the difference of the precession frequencies be-
tween two spins, high-resolution spectral information can be
obtained in inhomogeneous field. Since the axial peaks are
much stronger than the cross peaks, they are used for reso-
lution measurement. The resolution of the axial peak in the
indirect dimension of the conventional ZQC spectrum may be
degenerated due to t1 ridge noise.[9] Therefore, the actual res-
olution of a conventional ZQC spectrum is generally higher
than the given value when cross peaks are concerned. In our
method, the spectral width of the F1 dimension is determined
by Eq. (14), and the line-width of F1 spectrum is determined
by Eq. (16). We can further improve the resolution by increas-
ing the values of GE, GD, τD, and τad or reducing the value of
∆ωad. Because the F2 dimension cannot provide useful infor-
mation in inhomogeneous fields and will finally be discarded,
we can raise the resolution of F1 spectrum by reducing the
spectral width of F2 dimension. As a result of insufficient
spectral width, the spectral lines may fold over and give in-
correct chemical shifts. Moreover, due to the symmetry of the
spectrum along the F1 dimension, we only acquired half of F1
dimension to improve the line-width of the F1 spectrum. The
2D ZQC spectra and their projections along the F1 dimension
in Figs. 2(c), 2(f), and 2(i) were obtained by mirroring their
related half-spectra.
The experimental results for the mixture of 1-propyl al-
cohol and 2-butanone are shown in Fig. 3. The average line-
width of the conventional 1D high-resolution 1H NMR spec-
trum is 3 Hz (Fig. 3(a)) in an homogeneous field. In the pro-
jection of 2D ZQC spectrum along the F1 dimension, the peak
position is determined by the frequency difference between
the J-coupled spins involved in the ZQC transfer. In an ho-
mogeneous field, the average line-widths of the peaks mea-
sured from the projection spectrum are approximately 5 Hz
(Fig. 3(b)) and 20 Hz (Fig. 3(c)). In the two inhomoge-
neous fields (Figs. 3(d) and 3(g)), the average line-widths of
the peaks measured from the projection spectrum are approx-
imately 13 Hz (Figs. 3(e) and 3(h)), 23 Hz (Fig. 3(f)), and
22 Hz (Fig. 3(i)). These results give the same conclusions as
those of Fig. 2.
The results of two samples show that the projections of
fast 2D ZQC spectra along the indirect dimension indicate
greatly improved spectral resolution compared with the pro-
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Fig. 3. 1D 1H NMR spectra of 1-propyl alcohol and 2-butanone with a molar ratio of 2:1. (a), (d), (g): Conventional 1D spectrum acquired in a well-
shimmed magnetic field (a), an inhomogeneous field with a line-width of 1500 Hz created by de-shimming the Z1 coil (d), and an inhomogeneous field with
a line-width of 300 Hz created by de-shimming the X1 coil (g); (b), (e), (h): Projections of conventional 2D ZQC spectra acquired with the pulse sequence
shown in Fig. 1(a) in the same field as for panels (a), (d), and (g) along the F1 dimension respectively; (c), (f), (i): Projections of 2D ZQC spectra acquired
with the pulse sequence shown in Fig. 1(b) in the same field as for panels (a), (d), and (g) along the F1 dimension, respectively. The spectra are presented in
magnitude mode.
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resolution is independent of field homogeneity and is repro-
ducible across different samples. Theoretically, our proposed
scheme can give high-resolution one-dimensional spectra un-
der arbitrary inhomogeneous magnetic field. However, it
should be noted that the resolution may degenerate in cases
where nonlinear field inhomogeneities exist in the encoding
and decoding orientations.
Although the spectral resolution in the indirect dimen-
sion is greatly increased compared with the direct dimension,
there are some factors influencing the spectral resolution in
the indirect dimension. Firstly, the spectra are present in ab-
solute value mode. A phase-sensitive display would allow a
higher spectral resolution, but only when the dispersive com-
ponent is minimized by optimizing the preparation time T E.
Secondly, the (phase-sensitive) line-width in the indirect di-
mension is proportional to the ZQC transverse relaxation rate,
which is generally faster than the relaxation rate of the cor-
responding SQC, leading to broader spectral lines. Thirdly,
since the 2D resonances appear at the positions of chemical
shift differences, rather than absolute chemical shifts, the ef-
fective spectral dispersion range has decreased.[9] Finally, the
lower spectral resolution is an intrinsic limitation of spatially
encoded methods.
As figures 2 and 3 show, the spectra acquired with our
method have lower signal-to-noise ratio (SNR). There are sev-
eral reasons for this. Firstly, the t1-noise is not negligible. As a
result, the apparent noise level increases compared with those
of the 1D spectra. Secondly, the efficiency of generating and
detecting ZQC is 25% of SQC at best.[9] More importantly,
the spatially encoded technique itself causes lower SNR. Per
scan, the ultrafast 2D NMR suffers an about
√
2N1 penalty
in its SNR vis-a-vis conventional NMR, where N1 is the num-
ber of spectral elements in the single-scan ultrafast experiment
along the indirect dimension. This is arguably the main hand-
icap of the spatially encoded technique.[36] According to the
spatially encoded principle, the SNR is inversely proportional
to
√
γGDL. The amplitude of decoding gradient GD is de-
termined by the spectral widths of indirect (SW1) and direct
(SW2) dimensions (GD = 2CSW1SW2/γ).[37] Finally, the use
of crusher gradients further debases the SNR. The SNRs are
measured by dividing the intensity of the peak located at 0
ppm by the root-mean-square of noise ranging from−1.0 ppm
to −2.5 ppm. The SNRs for spectra of Figs. 2(h) and 2(i) are
395 and 115, respectively.
In summary, we incorporate a ZQC transfer scheme
into the spatially encoded technique to quickly obtain high-
resolution 1H NMR spectra in an inhomogeneous field. This
method can be potentially used for analyzing in vivo tissues
and the in vitro real-time detection of heterogeneous chem-
ical reaction systems. Compared with the conventional 2D
ZQC method, this novel method opens a way to speed up high-
resolution ZQC experiments in inhomogeneous fields. How-
ever, the issue of low SNR is still a critical problem. With
the use of some currently available techniques, such as spin
hyperpolarization and/or higher magnetic fields, this issue can
be partially alleviated.
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